Compared with the MSSM or the NMSSM with a low λ, λ-SUSY theory with a large λ around one has been deemed as a most natural realization of NMSSM. In this work, we treat the nextto-lightest CP-even Higgs boson as the SM-like Higgs boson in λ-SUSY and study the properties of the Higgs bosons and the pair production of the SM-like Higgs boson by considering various experiment constraints. We find that naturalness plays an important role in selecting the parameter space of λ-SUSY. In the most natural region of parameter space, the triple self coupling of the SM-like Higgs boson compared with its SM prediction may get enhanced by a factor about 7, and the most dominant contribution to the Higgs pair production comes from the triple self coupling of the SM-like Higgs boson and the production rate can be greatly enhanced, maximally 10 times larger than the SM prediction.
I. INTRODUCTION
Since a near 125 GeV scalar particle was discovered in 2012, both the ATLAS and CMS collaborations have accumulated overwhelming evidence [1] [2] [3] [4] and the experimental data manifest that the properties of this new particle are roughly coincident with the Higgs boson predicted by the Standard Model (SM). However, it is yet unclear whether this particle is the Higgs boson in the SM. Moreover, the slight excess of the di-photon signal rate for the 125 GeV scalar reported by the LHC experiment [5, 6] can be interpreted reasonably in new physics models, such as the Minimal Supersymmetric Standard Model (MSSM) [7] [8] [9] [10] [11] and the Next-to-Minimal Supersymmetric Model (NMSSM) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Although the MSSM can accommodate a 125 GeV Higgs boson, it needs sizable radiative corrections from top/stop loops, which will lead to some fine-tuning and seems unnatural. As the simplest realization of non-minimal extension of SUSY at the weak scale, NMSSM can offer additional contributions to the tree-level Higgs mass, which are not present in the MSSM, to accommodate a 125
GeV Higgs with significantly less fine-tuning.
Compared with the particle content of the MSSM, the NMSSM adds an additional gauge singlet superfieldŜ. Consequently, the form of its superpotential is given by [21] [22] [23] :
with W F denoting the superpotential of the MSSM without the µ-term, and λ, κ being the dimensionless parameters that describe the interactions among the superfields. When the singlet fieldŜ develops a vacuum expectation value s, an effective µ is generated with µ ef f ≡ λs. The inclusion of theŜ allows an additional contribution proportional to λ 2 to the Higgs potential, which will enhance the tree-level Higgs mass and reduce fine-tuning [24] . Traditionally, many studies focused on λ 0.7, where the theory remains perturbative up to the grand unification scale (10 16 GeV). In this scenario, the size of the additional contribution to the Higgs mass is restricted so that the issue of naturalness for 125 GeV
Higgs is only partially addressed. In order to further reduce fine-tuning, the NMSSM with a relatively large λ around one (dubbed as λ−SUSY) is emphasized [25] [26] [27] [28] [29] [30] [31] [32] .
Due to the peculiarity of λ−SUSY theory, it may easily elevate the tree-level mass of the and also investigate the pair production rates of h normalized to its SM prediction. Finally, in section IV, the conclusions are given.
II. HIGGS SECTOR IN λ-SUSY
In λ-SUSY theory, the scalar potential of the Higgs fields H u , H d and S consists of the contributions from the usual F-term and D-term, and also the soft breaking terms, which are given by:
Therefore, the Higgs sector Lagrangian includes 7 free parameters:
Like the general treatment of the multiple-Higgs theory, the Higgs fields of NMSSM can be written as follows: 
where
with
By diagonalizing the mass matrix for CP-even Higgs bosons in the basis (S 1 , S 2 , S 3 ), one can obtain the corresponding mass eigenstates h i (i = 1, 2, 3): In the NMSSM, without the mixing among the states S i , the mass of the SM-like Higgs boson h at tree level is given by
where the second term on the right side is additional contribution originating from the coupling λĤ u ·Ĥ dŜ in the superpotential. Eq. (11) indicates that m h,tree can reach 125 GeV with a large λ around one, which may be realized in the so-called λ-SUSY theory [25, 26] .
λ-SUSY theory is only an effective lagrangian at the weak scale and restricted to remain perturbative up to about 10 TeV, which renders the parameters λ and κ at weak scale satisfying the following relation [25] 0.17λ
In order to measure the naturalness of the λ-SUSY theory, two fine tuning quantities are defined as follows [25, 34] :
where p i includes the SUSY parameters at the weak scale listed in Eq. (3) and also top quark Yukawa coupling Y t . We adopt the formulae presented in [34] and [25] to calculate ∆ Z and ∆ h . Obviously, with smaller values of ∆ Z and ∆ h , the λ-SUSY theory is more natural in predicting m Z and m h . Therefore, we use ∆ Z and ∆ h to estimate the goodness of the surviving samples and take max{ ∆ Z , ∆ h } ≤ 50 as a criterion for naturalness.
In the following discussions, we only consider the scenario in which the next-to-lightest CP-even Higgs boson is SM-like Higgs boson h, and compare the results with work [23] , which takes the lightest CP-even Higgs boson as the SM-like Higgs boson.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this work we use the package NMSSMTools-4.0.0 to scan over the parameter space of λ-SUSY by considering various experimental and theoretical constraints,
with all the parameters defined at the 1TeV scale. Most of the constraints are implemented in the package NMSSMTools. Furthermore, we take 120 GeV ≤ m h ≤ 130 GeV and consider the indirect constraints from the electroweak precision data, which strongly affect tan β in λ-SUSY.
For the surviving samples, we also perform a fit to the Higgs data from ATLAS [35], CMS [36] and CDF+D0 [37] , and adopt the method introduced in [38, 39] to calculate corresponding χ 2 . We obtain χ 2 min =11.7 with Higgs data in 2014. In the following discussions, we consider three types of surviving samples and focus on samples with χ 2 ≤ 25, which corresponds to the samples consistent with the Higgs data at 95% C.L..
• Type-I samples: samples satisfying both χ 2 ≤ 25 and max{ ∆ Z , ∆ h } ≤ 50, which are regarded as the physical samples in our discussion.
• Type-II samples: samples satisfying both χ 2 ≤ 25 and max{ ∆ Z , ∆ h } > 50, which coincide with the experiments but are not favored by the fine tuning argument.
• Type-III samples: samples satisfying χ 2 > 25, which are of less interest than the previous two types.
Since the λ-SUSY theory is more natural in predicting m Z and m h than the MSSM, we display the characters of ∆ Z and ∆ h in λ-SUSY. In fig.1 . This is because a large value of tan β can reduce the tree level Higgs boson mass m h,tree , which is able to cancel out the mixing effect of the fields S 2 and S 3 in order to obtain a 125 GeV Higgs boson.
In the following discussions, we investigate the properties of the next-to-lightest and heaviest CP-even Higgs bosons for the above three types of samples. We pay particular attention to the features of these bosons that differentiate from [23] .
A. Properties of the Next-to-Lightest CP-even Higgs Boson h 2
Throughout this work we take the next-to-lightest CP-even Higgs boson h 2 as the SM-like
Higgs boson h, so in the following discussions, we explore the features of this boson and also its coupling information. and Type-III sample ( sky-blue square).
In Fig.3 , we project the three types of surviving samples on the plane ofS 2 −λ andD 2 −λ, In Fig.4 , we exhibit the coupling information of h. This figure indicates that, after considering the Higgs data at 95% C.L., the normalized couplings C hγγ /SM, C hZZ /SM, C hgg /SM and C htt /SM are limited within 20% deviation from unity, and the couplings C hbb /SM are allowed to vary in relatively wider ranges, at 40% deviating from unity. The normalized branching ratios Br(h → γγ)/SM and Br(h → ZZ)/SM may vary from 0.8 to 1.5. For the Higgs triple self coupling C hhh /SM, the right panel of the last row in Fig.4 indicates that it can only reach 7 and 10 for the Type-I samples and Type-II samples respectively. 
B. Properties of the heaviest CP-even Higgs Boson h 3
We here simply study the properties of the heaviest CP-even Higgs boson h 3 . We find that the non-SM doublet component coefficientD 2 3 of h 3 is over 0.9 for Type-I and Type-II samples, that is to say, h 3 is dominated by the non-SM doublet, which can be foreordained.
In Fig.5 , we show the normalized couplings of the h 3 such as C h 3 hh /υ, C h 3t t /SM and C h 3b b /SM as functions of M h 3 and also plot the branching ratios of h 3 → hh, h 3 →tt and h 3 →bb. We can learn the following features from Fig.5: (1) For all the surviving samples, m h 3 400 GeV; (2) The normalized coupling C h 3 hh /υ may still be large with the maximum value reaching 5, and C h 3b b /SM is larger than 1 with maximum value of 10 in optimal case. While for the normalized coupling C h 3t t /SM, it is smaller than 1 and
For 500 GeV ≤ m h 3 ≤ 1000 GeV, h 3 →tt may act as the dominant decay channel of h 3 . 
C. Higgs Pair Production at the LHC
As a rare process at the LHC compared with other Higgs production channels, the Higgs pair production plays a significant role in extracting Higgs self interaction C hhh , which is indispensable to reconstruct the Higgs potential and finally interpret the mechanism of the electroweak symmetry breaking [40] [41] [42] [43] . So the studies on the Higgs pair production in λ-SUSY should be carefully investigated.
In SUSY, the Higgs pair production may proceed through the diagrams (1)- (10) in Fig.6 [ [44] [45] [46] , where the diagrams with initial gluons or final Higgs bosons interchanged are not shown, and we only consider the contributions from the third generation quarks and squarks due to their large Yukawa couplings. The SUSY prediction on the production rate may significantly deviate from the SM prediction because the contribution to the amplitude from SUSY is of the same perturbation order as that from the SM. Based on previous studies in the SUSY [47] [48] [49] [50] [51] , we learn that the Higgs pair production rate may significantly enhanced mainly through the following three mechanisms: (i)Through the loops mediated by stops [47] . The major contributions come from diagrams (3)- (5) with θ t being the mixing angle of stops and c 1 , c 2 denoting dimensionless coefficients; (ii)Through large Higgs self coupling [48] ; (iii)Through the resonant effect of h i [49] [50] [51] . In this work, only the heaviest CP-even
Higgs h 3 can be on-shell produced by gg or bb initial state. In order to investigate which mechanism is to manily enhance the Higgs pair production rate, in fig.7 we present A t /mt, C hhh /SM, the pure resonant s-channel contribution to the pair production as a function of the normalized Higgs pair production rate R, where
The figure shows that the Higgs pair production rate can be enhanced by about 10 times maximally and the main contributions come from the Higgs self coupling. In comparison with the scenario of the lightest Higgs boson as SM-like Higgs in work [23] , the enhancement of the Higgs pair production rate is unconspicuous. The main reason is, as the right panel of the last row in Fig.4 shows, that the enhancement of the Higgs triple self coupling C hhh /SM are less significant than that in [23] . In addition, the maximum value of the normalized Higgs pair production rate is roughly same with the case in NMSSM with λ < 0.7 [47] , where the enhancement is manily through the loops mediated by stops.
IV. CONCLUSION
In this work, we investigate the properties of the SM-like Higgs boson in λ-SUSY theory, which corresponds to the NMSSM with a large λ around one. Throughout this work, we treat the next-to-lightest CP-even Higgs boson as the SM-like Higgs boson. To make our study realistic, we firstly define quantities ∆ Z and ∆ h to measure the naturalness of the parameter points and consider the Higgs data at 95% C.L.. Then we implement various experimental constraints on the parameter space of λ-SUSY. In the allowed parameter space, we investigate features of the SM-like Higgs boson and the heaviest CP-even Higgs boson, and also study the pair production of the SM-like Higgs boson. As is shown in this work, we find the following features:
• Considering the naturalness argument, λ is less than 1.1. However, λ can reach 1.8 in work [23] , which treats the lightest CP-even Higgs boson as the SM-like Higgs boson.
Moreover, after considering the naturalness argument, the surviving samples are fewer, especially ∆ h plays more important role in selecting the parameter space of λ-SUSY.
• Same as the current conclusion in [23] , Higgs data at 95% C.L. still allow for a sizable singlet component in h, which at most reaches 35%, while the non-SM doublet component is forbidden to be larger than 10%.
• The strength of the triple self coupling of h can only reach 7 and 10 for the Type-I samples and Type-II samples respectively, which is smaller than the maximum value in work [23] .
• The heaviest CP-even Higgs boson h 3 is highly non-SM doublet dominated and its mass may be as light as 400 GeV. For 500 GeV ≤ m h 3 ≤ 1000 GeV, h 3 →tt may act as the dominant decay channel.
• In most cases the dominant contribution to the Higgs pair production comes from the triple self coupling of the Higgs boson and the production rate can be greatly enhanced, maximally 10 times larger than the SM prediction.
